The aim of this study was to characterize synthetic poly-(L-lactic acid) (PLLA) nanofibers concerning their ability to promote growth and osteogenic differentiation of stem cells in vitro, as well as to test their suitability as a carrier system for growth factors. Fiber matrices composed of PLLA or BMP-2-incorporated PLLA were seeded with human mesenchymal stem cells and cultivated over a period of 22 days under growth and osteoinductive conditions, and analyzed during the course of culture, with respect to gene expression of alkaline phosphatase (ALP), osteocalcin (OC), and collagen I (COL-I). Furthermore, COL-I and OC deposition, as well as cell densities and proliferation, were analyzed using fluorescence microscopy. Although the presence of nanofibers diminished the dexamethasone-induced proliferation, there were no differences in cell densities or deposition of either COL-I or OC after 22 days of culture. The gene expression of ALP, OC, and COL-I decreased in the initial phase of cell cultivation on PLLA nanofibers as compared to cover slip control, but normalized during the course of cultivation. The initial down-regulation was not observed when BMP-2 was directly incorporated into PLLA nanofibers by electrospinning, indicating that growth factors like BMP-2 might survive the spinning process in a bioactive form.
INTRODUCTION
The reconstruction of large bony defects after injury or tumor resection often requires the use of graft material. The use of autologous bone grafts has been regarded as the gold standard of bone repair and regeneration. Although there are many advantages, there are also major drawbacks, such as donor site morbidity and availability [1] . These complications affect approximately 10% of patients [2] . To overcome these drawbacks, artificial scaffolds based on synthetic biomaterials, such as metals, ceramics, polymers, and composites, have been developed [1, 3] . In order to engineer the ideal bone graft material, substances that are capable of triggering osteogenesis must be included [4] . Therefore, a three-dimensional (3-D) scaffold should function as a carrier for either growth factors or cells [5, 6] . Here, scaffolds based on nanofibers, produced by electrospinning, offer great advantages [7, 8] . These fibers mimic the extracellular matrix [9, 10] and allow the differentiation of human mesenchymal stem cells (hMSC) towards osteoblasts.
These nanofibers can be produced by a broad spectrum of polymers including biocompatible as well as biodegradable polymers, such as poly(glycolic acid) (PGA), poly(L-lactic acid) (PLLA), poly(ε caprolactone) (PCL), polyurethanes, polyphosphazenes, collagen, gelatin, and chitosan, as well as copolymers from the corresponding monomers in various compositions [10, 11] . This allows the production of a broad spectrum of nanofiber-based scaffolds with different mechanical and biophysical properties. It also offers the chance to incorporate growth factors in order to use the nanofibers as a drug carrier system. Here, the cytokines of the BMP family seem to offer a chance to enhance bone regeneration by promoting a high level of osteoblast activity [12] . These growth factors can be incorporated into polylactic polymers without losing their bioactivity using organic solvents [13, 14, 15, 16] . This might implicate that BMPs have a good chance of surviving the electrospinning process. Therefore, the aim of this study was to characterize the osteogenic differentiation of hMSC on PLLA nanofibers and to analyze whether BMP-2 can be incorporated in a bioactive form into these PLLA nanofiber constructs.
MATERIAL AND METHODS

Construction of Nanofibers and Characterization
The preparation of PLLA nanofibers by electrospinning has been reported in detail earlier [17] . Briefly, a 4% (w/w) PLLA (Resomer L210, Boeringer Ingelheim Germany) solution in dichloromethane was prepared at room temperature by stirring overnight until a homogenous solution was obtained. Samples of nonwoven PLLA nanofibers were fixed on 19-mm cover slips for cell culture experiments.
In order to incorporate BMP-2 into the nanofibers, 25 µg of lyophilized BMP-2 (Reliatech, Braunschweig Germany) was dissolved in 125 µl of 50 mM acetic acid and stabilized by the addition of 25 µl of fetal calf serum (FCS). This mixture was emulsified in 2.5 ml of a 4% PLLA-dichloromethane solution over a period of 1 min, using a vortex mixer (MS 2 Minishaker IKA ® ; 2500 rpm). This solution was sufficient for the spinning of 50 cover slips with an approximate amount of 0.2-0.5µg BMP-2, depending on the spinning and fiber collection process.
The spinning process was performed at a flow rate of 14 µl/min with an applied voltage of 20-30 kV and a distance of 15 cm. In some experiments, BMP was replaced by a FITC-labeled protein in order to analyze the distribution within the nanofibers.
Contact Angles
Static contact angles of water were measured using the sessile drop method with a G10 Drop Shape Analysis System (Krüss, Hamburg, Germany) and calculated using Data Physics SCA20 Contact Angle Analyzer Software.
Scanning Electron Microscopy
For scanning electron microscopy (SEM), samples were sputter coated with gold in an AUTO-306 (BOC Edwards, Crawley, Sussex, U.K.) high-vacuum coating system and examined in a SE microscope (S-4100, Hitachi Ltd., Tokyo, Japan) at an accelerating voltage of 5 kV in the SE mode.
hMSC Isolation, Characterization, and Culture hMSC were obtained from consenting patients with the approval of the institutional review board. The indication for surgery was primary osteoarthritis of the hip with increasing pain, decreased range of motion, and signs of progressive osteoarthritis in radiographs. The patients had no evidence of other bone or autoimmune diseases. The routinely removed bone was obtained from the proximal femur while preparing the implant bed. hMSC were isolated and cultured according to the preparation of Pittenger et al. [18] , with minor modification as described by Brendel et al. [19] .
Within the experiments, hMSC preparations negative for CD34 and CD40 and positive for the stem cell markers CD90 and CD105 were used. In order to ensure the osteoinductive potential of the obtained cells, gene expression of alkaline phosphatase, in response to dexamethasone, was determined prior to the experiments.
For experiments, hMSC were seeded at a density of 3 × 10 4 cells/cm² on cover slips or cover slips coated with either PLLA or BMP-2-containing nanofibers in growth medium (DMEM), with low glucose and glutamine (PAA, Linz, Austria), supplemented with 10% FCS from selected lots (Stem Cell Technologies, Vancouver, Canada) and 1% penicillin/streptomycin. In some experiments, osteogenic differentiation was induced according to Jaiswal et al. after an initial proliferation phase of 3 days [20] . The medium was replaced every 2 nd day of culture.
Gene Expression Analysis
RNA was extracted from cell layers at days 4, 10, and 22 (after introduction of osteoinductive conditions) using RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer and quantified spectrometrically. Starting from 1 µg of RNA, 20 µl of cDNA were synthesized using Omniscript reverse transcriptase and oligo-dT primer in the presence of dNTP (Qiagen GmbH, Hilden, Germany). Quantitative RT-PCR reactions were performed and monitored using a Mastercycler® ep realplex Detection System (Eppendorf, Hamburg, Germany) and RealMaster Mix CyberGreen (Eppendorf, Hamburg, Germany). Genes of interest were analyzed in cDNA samples (5 µl for a total volume of 50 µl/reaction) using the DeltaDeltaCt method and CyberGreen. Primers (purchased at TIB Biomol, Berlin, Germany), cycle temperatures, and incubation times for human alkaline phosphatase (ALP), osteopontin (OP), collagen I (COL-I), osteocalcin (OC), and 18s rRNA were previously described [21, 22, 23] . Purity of the single PCR products was verified by melting point analysis.
Immunofluorescence Microscopy
Samples obtained at day 22 were fixed in acetone/methanol, washed with PBS (3×), and exposed to blocking buffer (1% donkey serum albumin PBS) for a further 30 min at room temperature in order to minimize nonspecific absorption of the antibodies. After another wash in PBS (3×), the cells were incubated with primary antibodies against COL-I (Abcam, Ab6308, Cambridge, U.K.), OC (Acris, BP710, Hiddenhausen, Germany), OP (Abcam, Ab8448, Cambridge, U.K.), and Ki-67 (Darko, Hamburg, Germany).
Visualization was done, after washing in PBS (3×) using cy-2-or cy-3-conjugated secondary antibody (Dianova, Hamburg, Germany) at room temperature (1 h). The slices were stained with DAPI and embedded in mounting medium. Fluorescence microscopy was done using a Leica DM5000. Microphotographs of at least three different areas were made at a primary magnification of 20-fold highpower field (HPF). Intensity of fluorescence was determined using Quips analysis software. Total cell count of DAPI-stained nuclei was obtained. The proliferation index was calculated on a ratio of Ki-67 positive vs. total cells. Patient series were analyzed by independent observers.
Statistics
All values were expressed as mean ± standard error of different patients as indicated in the text and compared using students' t-test or ANOVA with Bonferroni as a posthoc test. Values of p < 0.05 were considered to be significant. Significant values were marked with *, whereas + indicates tendency within the patient series.
RESULTS
Characterization of PLLA and BMP-2-Incorporated PLLA Nanofibers SEM of electrospun PLLA nanofibers revealed a 3-D nonwoven network with a diameter of 775 ± 294 nm. Fibers were porous in structure (Fig. 1A) and had a contact angle of 124.6 ± 5.7°. In aqueous solutions, the PLLA fibers were stable over a period of 30 days.
In contrast, the incorporation of BMP-2 resulted in a reduced pore development on nanofiber surface and the formation of spindle-shaped beads in more-or-less regular intervals (Fig. 1B) .
Furthermore, BMP-2-containing nanofibers showed a decrease in the overall diameter of the fibers (600 ± 343 nm). The contact angle was reduced to 115.2 ± 5.5° by the incorporation of BMP-2 compared to PLLA nanofibers.
When FITC-labeled BSA was used as a model for the incorporation of proteins by electrospinning, fluorescence microscopy showed evidence that -in case of FITC-labeled BSA -fluorescence accumulated within the slubs mentioned above (Figs. 1C, D) .
Growth and Proliferation of hMSC Cultured on Nanofibers
In order to describe the biological effects, we first analyzed the effect of PLLA and PLLA-BMP nanofibers on proliferation of hMSC, and compared it to that of hMSC cultured on cover slips. As shown in Fig. 2B , the addition of dexamethasone resulted in an increase of the proliferation rate of stem cells cultured on cover slips. This is altered by the presence of PLLA as well as PLLA-BMP nanofibers. Here the proliferation rate, determined by Ki67 staining, decreased at day 10 (p = 0.002; n = 3) and day 22 (p = 0.000; n = 3). Nevertheless, this effect on PLLA nanofibers was not reflected in cell densities. Under osteoinductive conditions, there was a significant time-dependent increase in cell density within 22 days, regardless of whether cells were cultured on glass (p = 0.000; n = 7), PLLA (p = 0.000; n = 7), or PLLA-BMP (p = 0.001; n = 4) nanofibers ( Fig. 2A) . Furthermore, there were no significant differences between cell densities on glass and on either PLLA or PLLA-BMP at any point of time.
When cultured under growth conditions (Fig. 2C) , cell densities only increased until day 10 when cultured on cover slips (p = 0.013; n = 7) or PLLA nanofibers (p = 0.007; n = 7), and remained constant until the end of culture. On PLLA-BMP nanofibers, no significant increase in cell densities was observed during the 22 days of culture. Furthermore, there were no differences in proliferation (Fig. 2 D) between the groups under growth conditions. 
Influence of PLLA Nanofibers on the Differentiation and Matrix Formation of hMSC
In order to examine the influence of PLLA nanofibers on hMSC differentiation towards osteoblasts, we compared the expression levels of cells grown on cover slips with cells grown on PLLA nanofibers using the DeltaDeltaCt method. Single extreme values of the series, influencing the mean but not the median, were omitted from the calculation. Regardless of whether the cells were cultured under growth (n = 7) or osteoinductive (n = 5) conditions, the presence of PLLA nanofibers resulted in an initial down-regulation of genes associated with osteoblast lineage. When cultured under growth conditions (Fig. 3A) , ALP (0.52-fold; p = 0.000), COL-I (0.38-fold; p = 0.000), and OC (0.72-fold; p = 0.022) gene expressions were reduced. Under osteoinductive conditions, this finding was true for ALP (0.54-fold p = 0.002), COL-I (0.63-fold; p = 0.008), and for OC in the majority (four of five) of patient series (Fig. 3B) . However, the gene expression of the osteoblast lineage normalized or slightly increased on PLLA nanofibers independent of the culture conditions during the course of cultivation.
These results were consistent with those obtained by immune staining for COL-I and OC (Figs. 3C,  D) as well as OP (Figs. 2E, F) . Although there was a broad interpatient variability in the immune staining, we found less COL-I and OC stained areas after 10 days of culture on PLLA nanofibers (Fig. 3D) and a slight increase after 22 days (Fig. 3F ) compared to cover slips control. 
Bioactivity of BMP-2-Enwoven Nanofibers
In order to overcome the PLLA-induced down-regulation of genes involved in differentiation, BMP-2 was incorporated into the PLLA nanofibers by electrospinning (n = 4). When stem cells were cultured under growth conditions on BMP-2-enwoven PLLA nanofibers, the initial gene expression of ALP (4.6-fold; p = 0.002), OC (5.4-fold; p = 0.002), and COL-I (2.7-fold; p = 0.002) was significantly increased compared to the gene expression of cells cultured on PLLA fibers alone (Fig. 4A) . As shown in Fig. 4B , the presence of dexamethasone (osteoinductive conditions) potentiates the BMP-2 effect, resulting in an increase of ALP (11.6-fold; p = 0.003), COL-I (10.4-fold; p = 0.001), and OC (12.1-fold; p = 0.006). In the course of experiment, this effect diminished irrespective of culture conditions.
DISCUSSION
PLLA is a biocompatible, biodegradable, and FDA-approved polymer commonly used as pins, screws, or membranes in bone reconstructive surgery [24, 25, 26, 27] . As reported earlier, PLLA can easily be electrospun to a 3-D nonwoven network [28, 29] . These constructs are appropriate as a matrix for osteoblast growth as well as for the osteogenic differentiation of hMSC in principle [17, 30, 31] . Nevertheless, little is known about the characteristics of hMSC differentiation on PLLA nanofibers over time. In this study, we first analyzed the growth and differentiation of hMSC on PLLA nanofibers in detail. While the addition of dexamethasone resulted in an increase of proliferation, the presence of PLLA nanofibers reduced the proliferation rates during the course of cultivation. In the case of osteoblast proliferation, the inhibitory effect on PLLA polymer [32, 33] as well as PLLA nanofibers produced by phase separation [34] has been described. However, this reduced proliferation had no impact on the cell densities over a period of 22 days. This finding was independent of the culture conditions. We interpret this finding to mean that the 3-D PLLA nanofiber matrix provides a more efficient surface for cell propagation compared to the 2-D glass surface and could therefore be suitable for tissue engineering.
On the other hand, the presence of PLLA nanofibers influenced the expression of genes associated with the osteoblast lineage. Although there was a time-dependent up-regulation in gene expression independent of the surface (data not shown) in response to dexamethasone, gene expression was altered by the presence of unmodified PLLA nanofibers. Regardless of the culture conditions (growth or osteoinductive), gene expression of ALP, OC, and COL-I was reduced during the early stages of culture compared to cells cultured on cover slips. Although other methods were used, similar data were presented for PLLA nanofibers [35] as well as nanofibers made of other polymers [36, 37] , indicating that this phenomenon is influenced by structure more than by chemical composition. Nevertheless, gene expression normalized over the period of cultivation. Here immunofluorescence analysis of COL-I and OC resulted in analogous staining intensities compared to cover slips. Therefore, the PLLA nanofiber constructs seem to be suitable matrices for the filling of bone defects.
In order to overcome the initial down-regulation of osteoblast marker genes, and to provide the PLLA nanofibers with osteoinductive properties, human recombinant BMP-2 was incorporated.
BMP-2 is known to promote osteoblast activity [12] and can be incorporated into PLLA polymers using organic solvents without losing its bioactivity [13, 14, 15, 16] . In our study, we used PLLA nanofibers due to their stability when incubated in physiological solutions over time [38] . Although PLLA is known to possess poor protein-release properties [29, 39] , during the electrospinning process, hydrophilic compounds were accumulated on the fiber surface [40] . The large surface and the porous structure of PLLA nanofibers might facilitate contact to the BMP receptor of the growing cell. This takes for granted that the incorporation of the growth factor has no impact on the PLLA fiber.
Although the porous surface was diminished, we found similar diameter and contact angles of PLLA nanofibers after incorporation of BMP-2. Both can be explained by the occurrence of beads in the case of growth factor-loaded fibers. These spindle-shaped beads were thought to carry BMP-2, indicating that distribution is not equable within the fibers. Such nonuniform distribution has been described earlier [41] .
When hMSC were cultured on BMP-enwoven nanofibers, we found an increase in the expression of genes associated with osteoblast lineage compared to pure PLLA nanofibers. Moreover, this effect was more obvious in the presence of dexamethasone. Due to the fact that BMP-2 is known to enhance the dexamethasone-induced osteogenic differentiation of hMSC [12] , we interpret this to mean that BMP-2 is present bioactively on the PLLA nanofiber surface and is recognized by stem cells. Here the use of hydroxylapatite, which ensures the structural integrity [42] and bioactivity [43] of BMP-2 when incorporated into Polylactic-co-Glycolid (PLGA) scaffolds, seems to be not necessary.
Therefore besides the coupling of growth factors on the surface of nanofibers [44, 45] or incorporating into self-assembled peptide-amphiphile nanofibers [46] , the incorporation via electrospinning can be a suitable tool in bone tissue engineering.
